The elucidation of the mechanisms by which diverse species survive and interact in drinking water (DW) biofilm communities may allow the identification of new biofilm control strategies. The purpose of the present study was to investigate the effects of metabolite molecules produced by bacteria isolated from DW on biofilm formation. Six opportunistic bacteria, viz. Acinetobacter calcoaceticus, Burkholderia cepacia, Methylobacterium sp., Mycobacterium mucogenicum, Sphingomonas capsulata and Staphylococcus sp. isolated from a drinking water distribution systems (DWDS) were used to form single and multispecies biofilms in the presence and absence of crude cell-free supernatants produced by the partner bacteria. Biofilms were characterized in terms of mass and metabolic activity. Additionally, several physiological aspects regulating interspecies interactions (sessile growth rates, antimicrobial activity of cell-free supernatants, and production of iron chelators) were studied to identify bacterial species with biocontrol potential in DWDS. Biofilms of Methylobacterium sp. had the highest growth rate and M. mucogenicum biofilms the lowest. Only B. cepacia was able to produce extracellular iron-chelating molecules. A. calcoaceticus, B. cepacia, Methylobacterium sp. and M. mucogenicum biofilms were strongly inhibited by crude cell-free supernatants from the other bacteria. The crude cell-free supernatants of M. mucogenicum and S. capsulata demonstrated a high potential for inhibiting the growth of counterpart biofilms. Multispecies biofilm formation was strongly inhibited in the absence of A. calcoaceticus. Only crude cell-free supernatants produced by B. cepacia and A. calcoaceticus had no inhibitory effects on multispecies biofilm formation, while metabolite molecules of M. mucogenicum showed the most significant biocontrol potential.
Introduction
Bacterial biofilms are complex communities of microorganisms embedded in a self-produced matrix and adhering to inert or living surfaces (Costerton et al. 1999) . Biofilms have been observed on a variety of surfaces and in diverse niches, and are considered to be the prevailing microbial lifestyle in most environments (van Houdt et al. 2004 ). This sessile mode of life allows bacteria to enjoy a number of advantages over their planktonic counterparts, particularly the increased resistance to antimicrobial agents (Gilbert et al. 2002; Chorianopoulos et al. 2010; Ferreira et al. 2010; Simo˜es et al. 2011) .
The inner surfaces of drinking water (DW) pipes are invariably colonized by biofilms, regardless of the presence of a disinfectant residual. Biofilms on DW distribution systems (DWDS) may lead to a number of unwanted effects on the quality of the distributed water. In addition to the possibility of causing corrosion, turbidity, taste and odour problems, biofilms control the microbiological contents of the distributed water and are a potential source of pathogens (Percival and Walker 1999; Szewzyk et al. 2000; Manuel et al. 2009 ). Therefore, biofilm control is important for technical, aesthetic, regulatory and public health reasons.
DW networks can be regarded as biological reactors which host a wide variety of microorganisms, such as bacteria, protozoa and fungi (Amblard et al. 1996; Block et al. 1997) . Microbial diversity leads to a variety of complex relationships involving interspecies and intraspecies interactions (Berry et al. 2006; Elenter et al. 2007; Hansen et al. 2007; Simo˜es et al. 2007b) . Interactions among bacterial species may have a profound influence on the initial stages of biofilm formation and development. Surface colonization by bacteria can enhance the attachment of other bacteria to the same surface. Some bacteria have an important role in biofilm onset by DW-isolated bacteria (Simo˜es et al. 2007b (Simo˜es et al. , 2008a . Additionally, recent studies into the microbial ecology of DWDS have found that microbial resistance to disinfectants is also affected by microbial community diversity and interspecies relationships (Berry et al. 2006; Simo˜es et al. 2007c Simo˜es et al. , 2010 . The ecology of a biofilm is a complex function of the prevailing growth conditions, the hydrodynamic forces, the presence of microbial metabolites and molecules (cell-cell signalling communications) excreted by the microorganisms and the dominant microbial inhabitants of the biofilm (Banks and Bryers 1991; Bryers and Ratner 2004) . The production and detection of bacterial cell-cell signalling molecules have been repeatedly linked to the enhanced development of single and multispecies biofilms (Irie and Parsek 2008) .
Evidence of increased biofilm resistance to conventional disinfection treatments has led to the search for alternative control strategies. These include the use of interspecies interactions as biocontrol strategies (Gram et al. 1999; Mireles et al. 2001; Ammor et al. 2006) , bacteriophages (Hughes et al. 1998; Sillankorva et al. 2004 Sillankorva et al. , 2010 , enzymes (Meyer 2003; Olsen et al. 2007 ; Leroy et al. 2008; Lequette et al. 2010) , quorum-sensing (QS) inhibitors (Rasmussen et al. 2005 ) and other compounds with the potential to interfere in biofilm formation such as iron chelators (Singh et al. 2002; Banin et al. 2005 ) and bacteriocinlike substances (Riley 1998; Messi et al. 2011 ). However, in order to develop new strategies for preventing biofilm formation, it is necessary to better understand the mechanisms by which different species survive and interact within a biofilm. Such biological mechanisms, alone or as part of synergistic procedures, could provide a new line of efficient biofilm control strategies.
The aim of this study was to understand the effects of metabolite molecules produced by bacteria isolated from DW on single and multispecies biofilm formation and development and to evaluate their potential as a biocontrol strategy. With this purpose, bacterial aspects regulating interspecies interactions (sessile growth rates, the antimicrobial activity of crude cellfree supernatants, and the production of iron chelators) were characterized with the aim of identifying bacterial species with biocontrol potential in DWDS. Furthermore, the effects of crude cell-free supernatants of DW bacteria were studied on single and multispecies biofilm formation by the partner bacteria.
Materials and methods

Isolation and identification of bacteria
The bacteria used throughout this work were isolated from a model laboratory DWDS, as described previously by Simo˜es et al. (2006) . Identification tests, by determination of 16S rDNA gene sequence, were performed according to the method described by Simo˜es et al. (2007a) . The assays were performed with six representative DW-isolated bacteria, viz. Acinetobacter calcoaceticus, Burkholderia cepacia, Methylobacterium sp., Mycobacterium mucogenicum, Sphingomonas capsulata and Staphylococcus sp., respectively. The bacterial genera used in this study represented 480% of the total genera isolated and identified (results not shown).
Planktonic bacterial cell growth
Bacterial cells were grown overnight in batch culture using 100 ml of R2A (Merck, Portugal) broth, at room temperature (23+28C), under agitation (150 rpm). Cells were harvested by centrifugation (20 min at 13,000g, 48C), washed three times in 0.1 M saline phosphate buffer (0.1 M PBS, pH 7.2) and resuspended in the volume of R2A broth necessary to achieve a cellular density of 1 6 10 8 cells ml 71 (Simo˜es et al. 2007b) .
To obtain the cell-free supernatants, the bacteria were inoculated in 100 ml of R2A broth, and allowed to grow for 10 days, to stabilize the growth phase (Andersson et al. 1998) , at room temperature and under agitation. Following the incubation period, cell suspensions were centrifuged (20 min at 13,000g, 48C) and the supernatants were filter-sterilized using 0.2 mm filters (Orange Scientific, USA). Subsequently, the crude cell-free supernatants were stored at 748C.
Sessile growth rate determination
The growth rates of sessile DW-isolated bacteria were determined by monitoring their biofilm growth using 96-well microtiter plates according to the modified microtiter plate test proposed by Stepanovic´et al. (2000) , using R2A broth as the growth medium. To promote bacterial sessile growth over time, the microtiter plates were incubated aerobically on an orbital shaker, at 150 rpm and room temperature. The biofilm cell density over time was assessed by the standard plate count method using R2A agar as the culture medium (Reasoner and Geldrich 1985; Simo˜es et al. 2006) . The biofilm in each well of the microtiter plates was scraped with a sterile scalpel into 200 ml of sterile sodium phosphate buffer (0.2 M; pH 7). Before serial dilution, biofilm suspensions were vortexed for 2 min and then used to assess colony forming units (CFUs). CFUs were counted after incubation for 7-15 days at room temperature to allow the enumeration of slow-growing bacteria adapted to oligotrophic conditions. The experiments were performed in triplicate with three repeats.
Assay of antimicrobial activity
To assess the potential antimicrobial activity of crude cell-free supernatants, these were inoculated onto lawns of the other bacteria grown overnight in R2A broth, at room temperature and under agitation. The other bacteria were spread (100 ml) onto R2A agar and airdried for 30 min. Then 10 ml of crude cell-free supernatant were directly applied onto the lawns and left to dry, as described by Kolari et al. (2001) . Afterwards, the plates were incubated at room temperature for 3-5 days and subsequently the presence of inhibitory halos was evaluated. Sterile R2A broth was used as a negative control and sodium hypochlorite at 10 mg l 71 as a positive control ).
Production of iron chelators
The screening for iron chelator production was assayed on chrome azurol S (CAS) agar, based on the methodology described by Schwyn and Neilands (1987) . A positive result was indicated by the colour change of the CAS agar from dark blue to bright yellow. In liquid medium, those molecules were detected by the CAS assay (Schwyn and Neilands 1987) . Equal volumes of cell-free supernatants and CAS assay solution were mixed and left for 30 min at room temperature. The absorbance at 630 nm (BIO-TEK, Synergy HT, Vermont, USA) was measured with sterile medium and CAS assay solution as blanks. A negative value indicated the presence of iron-chelating molecules, such as siderophores.
Single and multispecies biofilm formation with and without crude cell-free supernatants Single and multispecies biofilms were developed according to the modified microtiter plate test proposed by Stepanovic´et al. (2000) using R2A broth as growth medium. Single species biofilm formation was performed with the six isolated bacteria and with the bacteria plus crude cell-free supernatants of other different bacteria. Multispecies biofilms were developed with seven different bacterial combinations, viz. one mixture of all six bacteria and six combinations with a mixture of five distinct bacteria, through a strain exclusion process (biofilm formation in the absence of a specific strain or replacing the specific strain by its crude cell-free supernatant, obtaining distinct species combinations) (Simo˜es et al. 2008a ). For each condition the wells of sterile 96-well flat tissue culture plates (polystyrene, Orange Scientific, USA) were filled under aseptic conditions with 180 ml of a cell suspension and 20 ml of cell-free supernatant resulting in a final concentration of 10 8 cells ml 71 . Multispecies biofilms were developed with equal initial cell densities of each isolate. To promote biofilm formation, plates were incubated aerobically on an orbital shaker, at 150 rpm and room temperature, for 24, 48 and 72 h. The growth media plus crude cell-free supernatants were carefully discarded and freshly added every 24 h. All experiments were performed in triplicate with at least three repeats. Negative controls were obtained by incubating the wells with R2A broth without adding any bacterial cells. After each biofilm formation period, the content of each well was removed and the wells were washed three times with 250 ml of sterile distilled water to remove reversibly adherent bacteria. Afterwards, the biofilms were analysed in terms of biomass adhered and metabolic activity.
Biomass quantification by CV
The biomass adhered to the inner walls of the wells was quantified by the crystal violet (CV) method according to the procedure described by Simo˜es et al. (2007b Respiratory activity assessment by XTT Bacterial metabolic activity was determined using the sodium 3,3 0 -[1[(phenylamino)carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) colorimetric method according to the procedure described by Simo˜es et al. (2007b) . The specific respiratory activity of the biofilm was presented as OD 490 nm / 570 nm (biofilm respiratory activity/ biofilm mass), based on Simo˜es et al. (2007b) and the results are presented as relative percentages according to the following expressions:
For single species biofilms:
Relative specific biofilm activity ð%Þ ¼ 
Biofilm classification and statistical analysis
In order to better understand the effects of crude cellfree supernatants on single-and multispecies biofilms the relative percentage values of mass or activity for each biofilm (% B) were compared with the relative percentage values of biofilm mass and activity for the control experiment (% B C ). For the single species biofilms, B C is the biofilm without crude cell-free supernatant, while for multispecies biofilms this is the scenario with all six bacteria. The biofilms were classified as follows: strongly inhibited (77): %B Bc/2 (%); weakly inhibited (7):
The average value of the relative percentage of biofilm mass or activity for the three sampling times was used to determine the classification.
The data were analysed using the statistical program SPSS version 17.0 (Statistical Package for the Social Sciences). The mean and standard deviation (SD) within samples were calculated for all cases. The data were analyzed by the nonparametric Wilcoxon test based on a confidence level of !95% (P 5 0.05 was considered statistically significant).
Results
Biofilm growth rates
Biofilm growth was performed with the DW-isolated bacteria to assess growth rates in R2A broth (Table 1) . Methylobacterium sp. biofilms had the highest growth rate and M. mucogenicum biofilms the lowest (P 5 0.05). S. capsulata and Staphylococcus sp. biofilms had similar growth rates (P 4 0.05), which were significantly higher than those observed for A. calcoaceticus and B. cepacia biofilms (P 5 0.05).
Antimicrobial activity and production of iron chelators
Planktonic studies were performed with the DWisolated bacteria to assess the antimicrobial activity of crude cell-free supernatants, and the production of iron chelators (Table 2 ). The assays of the antimicrobial activity with all the supernatants showed no effects on bacterial growth and only B. cepacia and Methylobacterium sp. produced iron-chelating molecules, such as siderophores. However, only B. cepacia was able to produce extracellular iron-chelating molecules.
Single species biofilm formation with and without crude cell-free supernatants
In order to investigate the effects of crude cell-free supernatants of each bacterium on single species biofilm formation and specific respiratory activity of the several DW-isolated bacteria, the standard 96-well microtiter plate technique was used with CV and XTT staining. To better understand the function of crude cell-free supernatants in single species biofilm formation, the relative percentages of biofilm mass ( Figure 1 ) and specific respiratory activity ( Figure 2 ) were calculated over time and compared with each single species biofilm. Additionally, the single species biofilms were classified as strongly/weakly inhibited or strongly/weakly improved by the presence of crude cell-free supernatants (Table 3) .
In general, there was an inversely proportional relationship of time-biomass formation for the several single species biofilms with crude cell-free supernatants (Figure 1) . A. calcoaceticus ( Figure 1A) , B. cepacia ( Figure 1B ), Methylobacterium sp. ( Figure 1C ) and M. mucogenicum ( Figure 1D ) biofilms were inhibited by the cell-free supernatants from the partner bacteria. Their biomass was lower than for single species biofilms Note: 7¼not detected; þ¼detected.
without cell-free supernatants (P 5 0.05), with the exception of A. calcoaceticus biofilms (24 h) with Methylobacterium sp. and Staphylococcus sp. cell-free supernatants. M. mucogenicum single biofilms were the most affected by the crude cell-free supernatants from the other bacteria, followed by B. cepacia and Methylobacterium biofilms (P 5 0.05). A. calcoaceticus biofilms were the least affected (P 5 0.05). On the other hand, S. capsulata ( Figure 1E ) and Staphylococcus sp. ( Figure 1F ) biofilms increased in the presence of cell-free supernatants from the other bacteria (P 5 0.05). Their biofilm mass was higher (P 5 0.05) than single species biofilms without crude cell-free supernatants, with the exception of S. capsulata biofilms (72 h) with Staphylococcus sp. cell-free supernatant, Staphylococcus sp. biofilms (72 h) with B. cepacia, M. mucogenicum and Methylobacterium sp. cell-free supernatants. S. capsulata ( Figure 1E ) single biofilms had the highest biomass increase (P 5 0.05) in the presence of crude cell-free supernatants from the other bacteria.
Concerning the percentage of specific respiratory activity (Figure 2 ) there was a general decrease over time for Methylobacterium sp. and M. mucogenicum single species biofilms in the presence of cell-free supernatants. However, the values were mostly higher than in the control experiments (P 5 0.05). The other bacteria (A. calcoaceticus, B. cepacia, S. capsulata and Staphylococcus sp.) formed single biofilms in the presence of cell-free supernatants with a general increase in metabolic activity over time (P 5 0.05). S. capsulata ( Figure 2E ) was the only single species biofilm where activity was significantly inhibited by the cell-free supernatants from the different bacteria when compared with the control experiments (P 5 0.05). The other single biofilms showed variable behavior in the presence of cell-free supernatants. Single biofilms of Staphylococcus sp. were the subsequent biofilms most (P 5 0.05) affected by the presence of cell-free supernatants, followed by single biofilms of Methylobacterium sp. Single biofilms of B. cepacia and A. calcoaceticus were affected to a lower extent and M. mucogenicum biofilms were the least (P 4 0.05) affected by the presence of crude cell-free supernatants from other bacteria.
Comparing the percentage of relative biofilm mass and specific activity (Figures 1 and 2 ) for each single species biofilms, those biofilms most affected by cellfree supernatants in terms of mass were the least affected in terms of metabolic activity. For instance, M. mucogenicum single biofilms were the most inhibited in terms of mass by the cell-free supernatants from the other bacteria (P 5 0.05). However, these biofilms were the most metabolically actives, ie the cellfree supernatants potentiated biofilm activity (P 5 0.05). This finding was verified by the results for classification of single species biofilms (Table 3) . There were contradictory findings between the mass and specific metabolic activity for all the single species biofilms, except for single species biofilms of Methylobacterium sp. with B. cepacia cell-free supernatant, and Staphylococcus sp. biofilms with B. cepacia and M. mucogenicum cell-free supernatants. For these biofilms, the presence of crude cell-free supernatant lead to a simultaneous decrease or increase in biofilm formation and specific metabolic activity, respectively. Crude cellfree supernatants inhibited biofilm formation in all single species biofilms, except those of S. capsulata and Staphylococcus sp. All cell-free supernatants caused a strong increase in the mass of S. capsulata biofilms. For biofilms of Staphylococcus sp., crude cell-free supernatants of A. calcoaceticus and B. cepacia only led to a weak increase in biofilm mass, and the other supernatants led to a strong increase in biofilm formation. The biofilms inhibited by cell-free supernatants were for the most part strongly inhibited. B. cepacia and M. mucogenicum biofilms were the most affected by crude cell-free supernatants (strongly inhibited for all the situations), while Methylobacterium sp. and A calcoaceticus biofilms were the least affected.
Multispecies biofilm formation with and without crude cell-free supernatants To better understand the function of each bacterium and/or their metabolites on multispecies biofilm formation, the relative percentage of biofilm (mass and activity) was calculated for multispecies biofilm with and without cell-free supernatants (Figure 3) . Moreover, similar to the single species biofilms and with the purpose of better understanding the effects of each crude cell-free supernatant/bacterium on multispecies biofilm mass and specific metabolic activity, biofilms were classified as strongly/weakly inhibited or 
Note: 77¼strong biofilm inhibition; 7¼weak biofilm inhibition; þ þ¼strong biofilm increase; þ¼weak biofilm increase. strongly/weakly improved by the presence of cell-free supernatants or the absence of one specific bacterium (Table 4) . The mass of multispecies biofilms without cell-free supernatants increased over time for all situations (P 5 0.05), except for multispecies biofilms without A. calcoaceticus ( Figure 3A ). M. mucogenicum was the only species that, when absent, resulted in a relative increase (P 5 0.05) in biofilm mass over time compared to biofilm formation with all six bacteria. The remaining bacteria reduced biofilm formation. The decrease in mass formation was less significant (P 4 0.05) for biofilms in the absence of S. capsulata (24 and 48 h) and Staphylococcus sp. (72 h), and more significant (P 5 0.05) in the absence of B. cepacia (24 h) and A. calcoaceticus (48 and 72 h). Nevertheless, even if the relative biofilm formation decreased for five of the six strain exclusion scenarios, it was only significant (P 5 0.05) and decreased over time (P 5 0.05) for biofilms without A. calcoaceticus. Biofilms in the absence of A. calcoaceticus were strongly inhibited, the other biofilms were weakly inhibited, except multispecies biofilms without M. mucogenicum which were weakly improved (Table 4) .
All six strain exclusion scenarios increased biofilm activity ( Figure 3B ) compared to multispecies biofilms with all the six bacteria, except for those biofilms without S. capsulata and M. mucogenicum (72 h). The decrease in activity was only significant (P 5 0.05) for biofilms in the absence of M. mucogenicum (Table 4) . The increase in biofilm activity was less significant (P 4 0.05) for biofilms in the absence of M. mucogenicum (24 and 48 h) and Staphylococcus sp. (72 h), and more significant (P 5 0.05) in the absence of B. cepacia (24 h) and A. calcoaceticus (48 and 72 h). However, even when the relative biofilm activity increased for all strain exclusion scenarios, it was only significant (P 5 0.05) and increased over time for biofilms without A. calcoaceticus (P 5 0.05). Biofilm classification (in terms of activity) showed that the majority of biofilms were strongly (without B. cepacia and A. calcoaceticus) or weakly (without S. capsulata, Methylobacterium sp. and Staphylococcus sp.) improved (Table 4 ). The biofilms without M. mucogenicum were weakly inhibited.
Analysing the multispecies biofilms with crude cellfree supernatants ( Figure 3C ), biofilm mass tended to increase over time, except for biofilms with B. cepacia cell-free supernatants. Multispecies biofilms with cellfree supernatants of B. cepacia, A. calcoaceticus and M. mucogenicum (48 and 72 h) lead to a relative increase in biofilm mass compared to biofilm formation with the six bacteria. The other cell-free supernatants reduced biofilm mass. The decrease in biofilm mass formation was less significant (P 4 0.05) for biofilms with cell-free supernatants of M. mucogenicum (24 h), S. capsulata (48h) and Staphylococcus sp. (72 h), and more significant (P 5 0.05) with Methylobacterium sp. cell-free supernatants (24, 48, and 72 h). On the other hand, the increase in biomass was less significant (P 4 0.05) for biofilms with cell-free supernatants of A. calcoaceticus (24 h) and M. mucogenicum (48 and 72 h), and more significant (P 5 0.05) in the presence of B. cepacia (24 h) and A. calcoaceticus (48 and 72 h) cell-free supernatants. Multispecies biofilms with cellfree supernatants were weakly inhibited for most of the situations, except for biofilms with B. cepacia and A. calcoaceticus cell-free supernatants (weakly improved) ( Table 4 ).
The results of the metabolic activity of multispecies biofilms with crude cell-free supernatants ( Figure 3D ) showed that in five of the six strain exclusion scenarios increased activity (considering the average values of three sampling times). Only in multispecies biofilms in the presence of A. calcoaceticus cell-free supernatants was there reduced biofilm activity over time compared to the multispecies biofilms with all six bacteria. The increase in biofilm activity was less significant (P 4 0.05) for biofilms with the cell-free supernatants of S. capsulata (24 and 48 h) and M. mucogenicum (72 h), and more significant (P 5 0.05) in the presence of Staphylococcus sp. (24 and 72 h) and Methylobacterium sp. (48 h) cell-free supernatants. Biofilm activity data showed that the presence of all cell-free supernatants weakly improved biofilm metabolic activity, except A. calcoaceticus cell-free supernatant (weakly inhibited biofilm activity) ( Table 4) .
The biofilm mass and activity results are inversely related. Similar to single species biofilms, contradictory results between biofilm mass and specific metabolic activity it was verified for all the multispecies biofilms tested, except for multispecies biofilms with B. cepacia cell-free supernatant (Table 4) .
A comparison between multispecies biofilms with and without crude cell-free supernatants ( Figure 3A and C) shows that the absence of B. cepacia and A. calcoaceticus decreased biofilm forming ability ( Figure  3A) . However, if the biofilms were formed with the cellfree supernatants of those strains ( Figure 3C ), there was increased biofilm productivity. On the other hand, cellfree supernatants of S. capsulata, M. mucogenicum and Staphylococcus sp. resulted in a slight reduction in biofilm formation compared to those without cell-free supernatants. Nonetheless, the absence of M. mucogenicum from multispecies biofilms promoted a small increase in biofilm formation. Methylobacterium sp. cell-free supernatants did not promote significant changes in multispecies biofilm formation. Regarding multispecies biofilm activity ( Figure 3B and D) the presence of cell-free supernatants of S. capsulta and Staphylococcus sp. had no significant impact on biofilm activity (P 4 0.05). M. mucogenicum cell-free supernatant slightly improved biofilm activity. In contrast, cell-free supernatants of B. cepacia, Methylobacterium sp. and A. calcoaceticus caused a significant reduction in the activity of multispecies biofilms. This reduction was more pronounced for biofilms with B. cepacia and A. calcoaceticus cell-free supernatants (P 5 0.05) and less significant for biofilms with Methylobacterium sp. (P 4 0.05). However, only in multispecies biofilm without A. calcoaceticus, its cell-free supernatant caused strong inhibition of metabolic activity, compared to multispecies biofilms composed of the six bacteria (P 5 0.05). 
Note: 77¼strong biofilm inhibition; 7¼weak biofilm inhibition; þþ¼strong biofilm increase; þ¼weak biofilm increase.
Comparing the results obtained from classification of multispecies biofilms with and without cell-free supernatants (Table 4) , biofilms without S. capsulata, Methylobacterium sp. and Staphylococcus sp. gave similar results (P 4 0.05). These biofilms had similar biomass inhibition and metabolic activity increase whether in the presence or absence of cell-free supernatants. B. cepacia and A. calcoaceticus cell-free supernatants were important for multispecies biofilm formation, because their presence improved biofilm formation. Conversely, M. mucogenicum cell-free supernatants inhibited multispecies biofilm formation (Table 4) .
Discussion
Control of microbial growth is essential in many environments, where wet or moist surfaces provide favorable conditions for microbial proliferation and biofilm formation (Simo˜es et al. 2009 ). In the industrialized world DW that is received by the consumer goes through a complex process of treatment and disinfection. However, during the distribution the quality may deteriorate and the water can become harmful to human health. The formation and presence of biofilms in DWDS have been repeatedly reported and their undesirable effects in the quality of distributed water are well known (Momba et al. 1999; Paris et al. 2009 ). DW biofilms are complex communities which host a wide variety of microorganisms which are well adapted to oligotrophic conditions and often grow in the presence of a disinfectant (Berry et al. 2006) . These biofilms can harbour, protect and allow the proliferation of opportunistic and pathogenic bacteria. For that reason, biofilm control is crucial. However, biofilm resistance to conventional disinfection promotes the constant search for alternative control strategies. This study increases understanding of the biological mechanisms by which diverse species survive and interact in DW biofilm communities and also potentially identifies new biofilm control strategies that will ensure safer and high-quality DW. To the authors' knowledge this is the first study that investigates the effects of interspecies interactions and metabolite molecules from DW-isolated bacteria on biofilm formation/control and behaviour by these bacteria.
The bacteria used in this study are recognized as problematic opportunistic bacteria with the potential to cause public health problems (Bifulco et al. 1989; Rusin et al. 1997; Szewzyk et al. 2000; Pavlov et al. 2004; Stelma et al. 2004) . Similar to other studies, single and multispecies biofilms were developed in polystyrene microtiter plates that are the most frequently used bioreactor system for studying biofilm formation, providing reliable comparative data (Djordjevic et al. 2002; Sandberg et al. 2008; Cotter et al. 2009 ). Microtiter plates can be used as a rapid and simple method of screening the effects of cell-free supernatants on single and multispecies biofilm formation by DW-isolated bacteria. Polystyrene was used as a model surface. It has physico-chemical surface properties similar to those of other materials commonly used in DWDS such as stainless steel and polyvinylchloride (Simo˜es et al. 2007a ). The selected assay, based on CV staining, is a well-known method for staining biofilms produced by several Grampositive and Gram-negative bacterial strains (O'Toole and Kolter 1998; Stepanovic´et al. 2000; Djordjevic et al. 2002) . The CV method is a simple protocol of biofilm mass staining that uses reagents that are inexpensive and easily available. This method provides reliable results, making it an attractive screening assay for small-scale laboratories (Sandberg et al. 2008 ). Biofilm metabolic activity was measured by the XTT staining assay. The XTT assay has been used extensively for the quantification of biofilm metabolic activity .
The mechanisms that control microbial interactions in multispecies biofilms are not fully understood. In the authors' previous publication on the study of biofilm interactions between DW-isolated bacteria, several types of interactions in biofilm formation were identified, viz. synergistic, antagonistic and neutral interactions (Simo˜es et al. 2007b) . However, in the present study it was not possible to elucidate the biological mechanisms involved in the relationships between these bacteria. The existence of multiple interactions or even the simple production of a metabolite can interfere (inhibit/potentiate) with the development of structurally organized biofilms (Simo˜es et al. 2007b ). Chemical substances secreted by one species of microorganism can significantly influence colonization by the other species (Rice et al. 1999; Holmstro¨m et al. 2002) . To determine which factors may influence the interaction of multispecies biofilms, the DW-isolated bacteria were characterized in terms of additional key characteristics (sessile growth rates, cell-free supernatants antimicrobial activity and production of iron chelators). These characteristics and others previously reported (including planktonic growth rates, production of quorum sensing inhibitor [QSI] and quorum sensing QS molecules) (Simo˜es et al. 2007b ) are recognized as important factors regulating interspecies interactions and multispecies biofilm formation (Daniels et al. 2004; McLean et al. 2004; Banin et al. 2005; Kolmos et al. 2005; Moons et al. 2006 ). According to existing descriptions of multispecies biofilm population dynamics, the faster growing bacteria should outcompete those that grow more slowly (Wanner and Gujer 1986; Banks and Bryers 1991) . However, many studies have shown that slowergrowing organisms coexist with or even out-compete the faster-growing organisms in multispecies biofilms (Christensen et al. 2002; Komlos et al. 2005) . The production of antimicrobial compounds, including toxins, bacteriolytic enzymes, bacteriophages, biosurfactants, antibiotics and bacteriocins seems to be a generic phenomenon for most bacteria (Riley 1998) . The production of a bacteriocin could give an organism a competitive advantage when interacting with other microbes, both in gaining a foothold in a new environment and also in preventing the colonization of a potential competitor into a pre-established biofilm . Furthermore, many bacteria are also capable of synthesizing and excreting biosurfactants with anti-adhesive properties (Desai and Banat 1997; Nitschke and Costa 2007) . QS, a cell density-related communication mode between one or more species, is a significant factor adding complexity to the interactions between biofilm bacteria (Rice et al. 1999) . It is also known to influence bacterial community development in aquatic biofilms (McLean et al. 2005; Dobretsov et al. 2009 ). QS plays a role in cell attachment and detachment from biofilms (Davies et al. 1998; Donlan 2002; Daniels et al. 2004 ). According to Moons et al. (2006) interference with QS may reduce the ability of biofilm bacteria to exclude competitors and, in this way, cause a shift in the natural biofilm composition. Production of iron chelators such as siderophores is a virulence factor in many microorganisms, acting as biocontrol molecules (Gram et al. 1999) . Iron binding molecules have been found to have a bacteriostatic activity. Siderophores dissolve iron ions, essential to microbial survival, microbial interactions and biofilm formation, and soluble Fe 3þ complexes can be taken up by active transport mechanisms (Banin et al. 2005 ). Antagonistic interactions were described for Bacillus cereus and Pseudomonas fluorescens in planktonic and biofilm systems due to the production of siderophores by P. fluorescens (Simo˜es et al. 2008b ).
The present study showed that Methylobacterium sp. had the highest biofilm growth rate. B. cepacia and Methylobacterium sp. produced iron chelators. None of the crude cell-free supernatants had antimicrobial activities. In a previous study (Simo˜es et al. 2007b ) B. cepacia had the highest planktonic growth rate and this bacterium and Methylobacterium sp. produced QSI (acyl homoserine lactones -AHLs-related molecules). These bacteria apparently had the best competitive advantage in multispecies biofilms. According to present study and based on previous work (Simo˜es et al. 2007b) , S. capsulata also showed a relatively high growth rate (planktonic and sessile), produced QSI, but not iron chelators. Staphylococcus sp. showed lower growth rates, and had the ability to produce QSI but not iron chelators. On the other hand, A. calcoaceticus and M. mucogenicum had the lowest growth rate in the planktonic and sessile state respectively, and did not have the ability to produce QSI and iron chelators. These bacteria apparently had the least competitive advantage in the biofilm consortium.
For nearly all scenarios there were contradictory results between biofilm mass and metabolic activity. The specific metabolic activity was determined to be inversely related to biofilm mass increase. Similar results were obtained in a previous study (Simo˜es et al. 2007b ). This could be explained by the fact that following microbial attachment, the formation of a complex extracellular polymeric matrix increased the non-metabolically active biofilm mass, consequently decreasing the specific respiratory activity (Simo˜es et al. 2005) . Restrictions in essential nutrients occurring in biofilms may result in a considerable decrease in bacterial metabolic activity (Wentland et al. 1996; Walker et al. 1998; Stewart and Franklin 2008) .
The assessment of the effects of metabolite molecules on single species biofilms led to the identification of four biofilms (A. calcoaceticus, B. cepacia, Methylobacterium sp. and M. mucogenicum) which were inhibited and two biofilms which were improved (S. capsulata and Staphylococcus sp.) by the metabolite molecules produced by the partner DW-isolated bacteria. This suggests that all bacterial metabolite molecules had potential biocontrol properties in four of the six single species biofilms. M. mucogenicum and B. cepacia biofilms were strongly inhibited by all cellfree supernatants. These biofilms are the most susceptible to metabolites produced by different bacteria. On the other hand, A. calcoaceticus biofilms were the least affected. The bacteria that produced metabolite molecules more inhibitory to single species biofilm formation were S. capsulata (on M. mucogenicum and A. calcoaceticus biofilms) and M. mucogenicum (on B. cepacia and Methylobacterium sp. biofilms). S. capsulata biofilm formation was strongly enhanced by the presence of all cell-free supernatants (Staphylococcus sp. cell-free supernatant promoted the most significant increase in biofilm formation). For Staphylococcus biofilms, the cell-free supernatant which most increased biofilm formation was that from Methylobacterium sp.
According to some authors (Rice et al. 1999; Shank and Kolter 2009) , many microorganisms can grow better in combination with others or in the presence of a partner's diffusible compounds. Several species can coexist in biofilms where the behavior is the sum of synergistic and antagonistic interactions, as they can produce metabolites that can interfere negatively or positively with growth and biofilm formation (Simo˜es et al. 2008b) . Biofilms in DWDS are constituted of several different bacterial species, so it is important to understand the role of each species and/or their metabolite molecules in the community. The present results show that all the bacteria, except M. mucogenicum, had an important role in the development of multispecies biofilms, because their absence caused a reduction in biofilm formation. The absence of A. calcoaceticus caused the highest reduction. Concerning the effects of metabolite molecules produced by DWisolated bacteria on multispecies biofilms, the presence of cell-free supernatants of A. calcoaceticus and B. cepacia increased biofilm formation. On the other hand, the presence of S. capsulata, M. mucogenicum, Methylobacterium sp. and Staphylococcus sp. cell-free supernatants decreased multispecies biofilm formation (compared with the control experiment, ie biofilms with all the bacteria). For the comparison of multispecies biofilms with and without crude cell-free supernatants, S. capsulata, M. mucogenicum and Staphylococcus sp. cell-free supernatants led only to a slight reduction in multispecies biofilm formation. The metabolite molecules produced by these bacteria had biocontrol properties. The cell-free supernatant of M. mucogenicum promoted the most significant biocontrol potential. The presence of Methylobacterium sp. cell-free supernatant had no significant effects on multispecies biofilm formation. The metabolite molecules produced by this bacterium were not apparently important to the biofilm community. On the other hand, metabolite molecules of A. calcoaceticus and B. cepacia had a significant role in multispecies biofilm community; their presence significantly improved biofilm formation.
A. calcoaceticus had the lowest planktonic growth rate (Simo˜es et al. 2007b) , had one of the lowest biofilm growth rates, and was a non-producer of QSI and iron chelators. However, this bacterium formed single species biofilms which were the least susceptible to microbial metabolites produced by the other DWisolated bacteria and showed important features in the multispecies biofilm consortium. In these biofilms, the absence of A. calcoaceticus caused the most significant reduction in biofilm formation. This effect could be due to the importance of this bacterium in coaggregation. In previous work Simo˜es et al. (2008a) reported that A. calcoaceticus coaggregated with almost all the other bacteria, and its presence in a multispecies community represented a colonization advantage, suggesting that this species may facilitate the association of the other species that do not coaggregate directly with each other, increasing the opportunity for metabolic cooperation. Min et al. (2010) also reported that coaggregation enhanced biofilm development between freshwater bacteria. On the other hand, the metabolite molecules produced by A. calcoaceticus significantly improved multispecies biofilm formation, possibly due to the production of extracellular proteins and polysaccharides involved in coaggregation. The absence of B. cepacia in multispecies biofilms also caused a significant mass reduction in the biofilm, but the presence of its metabolite molecules improved significantly multispecies biofilm formation. This fact could be related with the ability of this bacterium to produce QSI (Simo˜es et al. 2007b ) and iron chelators.
For M. mucogenicum QSI and iron chelator production were not detected (Simo˜es et al. 2007b) . This bacterium had a low growth rate (Simo˜es et al. 2007b) , and formed single species biofilms which were the most affected by the molecules produced by the other DW bacteria. In multispecies biofilms, its absence improved biofilm formation, but its metabolites caused the most significant biocontrol potential. In previous work (Simo˜es et al. 2007b) , it was reported that M. mucogenicum established only antagonistic (with S. capsulata and with Staphylococcus sp.) or neutral (with A. calcoaceticus and with Methylobacterium sp.) interactions with DW-isolated bacteria. Qin et al. (2009) also observed that extracellular products produced by Pseudomonas aeruginosa inhibited the growth of Staphylococcus epidermidis and disrupted its established biofilms. , using a batch system for biofilm formation, found that a bacteriocin-producing strain more easily gained a foothold in an existing biofilm of bacteriocin-sensitive bacteria than vice versa. Rao et al. (2005) studied dualspecies biofilms formed in a continuous flow chamber with Pseudoalteromonas tunicata, a marine bacterium that produces the antibacterial protein AlpP, and found that the organism could completely outgrow competitor bacteria that were sensitive to this protein, but not those that were only moderately sensitive or those that themselves produced an antimicrobial compound to which P. tunicata was sensitive. A Serratia plymuthica strain produced an antimicrobial component with the ability to inhibit biofilm formation by Escherichia coli and mixed biofilms of E. coli and S. plymuthica (Moons et al. 2006) . These examples illustrate the important role of antimicrobial compound production in shaping mixed-species biofilms.
The reduction in multispecies biofilm formation caused by the absence of Methylobacterium sp. did not appear to be related to the metabolite molecules produced by this bacterium, despite the fact that QSI, AHL and iron chelators were detected. The mass of multispecies biofilms with and without crude cell-free supernatants of Methylobacterium sp. was similar, which could be explained by a high biofilm growth rate and the ability to produce biofilms with high cell densities ).
In conclusion, this study has led to a better understanding of the role of bacterial interactions and metabolites produced by DW-isolated bacteria in biofilm formation and development in single and multispecies biofilms. The identification of bacterial species which have biocontrol potential (M. mucogenicum) or have a significant role in development and maintenance of the DW consortium (A. calcoaceticus and B. cepacia), provide new insights for improving the successful control of biofilms in DWDS.
